Isoniazid, rifampicin, pyrazinamide, and ethambutol are commonly used for the treatment of tuberculosis. Drug exposure is occasionally associated with liver and/or skin injury. The aim of this study was to determine whether drug-specific Tcells are detectable in patients with adverse reactions and if so characterize the nature of the T-cell response. Peripheral blood mononuclear cells (PBMC) from 6 patients with anti-tuberculosis drug-related adverse reactions (4 liver, 2 skin) were used to detect drug-responsive T-lymphocytes. Positive lymphocyte transformation test and/or ELIspot results were observed with all 6 patients. Over 3400 T-cell clones were generated from isoniazid, rifampicin, pyrazinamide, or ethambutol-treated PBMC. CD4þ clones from all 3 patients were activated to proliferate and secrete cytotoxic mediators (granzyme B, perforin, FasL) and effector (IFN-c, Il-13) and regulatory (Il-10) cytokines with isoniazid, but not rifampicin, pyrazinamide, or ethambutol. Il-17 was not detected, while only 1 clone secreted Il-22. Isoniazid-responsive clones were not activated with other anti-tuberculosis drugs or isonicotinic acid albumin adducts. Activation of the clones with isoniazid was MHC class II-restricted and dependent on antigen-presenting cells. Most clones were activated rapidly even in the presence of the enzyme inhibitor 1-aminobenzotriazole. However, a time-dependent pathway of activation involving autooxidation of isoniazid was also observed. The discovery of isoniazid-specific CD4þ T-cell clones in patients with liver and skin injury suggests that the adaptive immune system is involved in the pathogenesis of both forms of iatrogenic disease.
. However, the delayed onset of ATDinduced liver and skin injury and the discovery of an HLA-risk allele (Sharma et al. 2002) suggest that the adaptive immune system might contribute to the iatrogenic diseases. Early studies by Warrington et al. found that INH and INH-modified albumin activated peripheral blood mononuclear cells (PBMC) isolated from certain patients with liver injury following INH monotherapy (Warrington et al. 1982) . More recently, Metushi et al. (2014a) found anti-INH and anti-CYP auto antibodies in patients with INH-induced liver injury. The prevailing anti-INH antibody subclass was IgG3 (Metushi et al. 2014b) , which fixes compliment via a pathway dependent on Th1 cytokine IFN-c. These data suggest that INH protein adducts activate humoral and cellular responses in patients with INH monotherapyinduced liver injury; however, the nature of the drug-specific Tcell response has not been defined. Furthermore, drug antigen specificity in liver injury patients exposed to multiple ATDs has not been studied. Lehloenya et al. (2015) recently used skin testing and oral challenge to confirm an immune pathogenesis in patients with ATD-induced severe skin reactions. Individual patients developed reactions to INH or the structural analogue ethionamide, with little cross reactivity.
The objective of this study was to investigate whether a drug-specific T-cell response was detectable in patients with delayed-onset ATDs-related liver and skin injury. T-cell clones were subsequently isolated and characterized in terms of antigen specificity, cellular phenotype and function.
MATERIAL AND METHODS

Human subjects
Six patients with delayed-onset ATD-related liver or skin injury and 3 patients with TB on ATB drugs with no adverse reactions were recruited. Table 1 lists the clinical features of the reactions and concomitant medications at the time of the reaction. Eight healthy donors were used to investigate whether activation of T-cells is only observed in exposed patients. A total of 40-100 ml of blood was collected for PBMC isolation. Genomic DNA was extracted from 10 ml venous blood using Chemagic magnetic separation (Chemagen, Baesweiler, Germany) . High-resolution sequence-based HLA typing using next generation massively parallel sequencing platforms, was performed by Histogenetics laboratory (Histogenetics, New York) at the following 6 loci: HLA-A, -B, -C, -DRB1, -DQB1, and DQA1. Table 2 shows ethnicity and HLA typing data for the 6 patients with ATD-related adverse reactions. Approval for the study was acquired from the Leeds local Research Ethics Committee and informed written consent was obtained from each donor.
Chemicals
INH, RIF, PZA, ETB, isonicotinic acid (INA), human serum albumin (HSA) (approximately 97% pure, lyophilized), and other standard chemicals were obtained from Sigma-Aldrich (Poole, Dorset, UK). LC/MS grade solvents were purchased from Fisher (Loughborough, Leicestershire, UK).
Synthesis of N-hydroxysuccinimide ester of INA and modification of HSA by isoniazid
The activated ester of INA was synthesized by the reaction of isonicotinoyl chloride hydrochloride (Sigma) with N-hydroxysuccinimide (NHS, Sigma) to form INA-NHS ( Supplementary  Fig. 1 ) as previously described (Chowdhury et al. 2006 ). INA-NHS was coupled to HSA (0.6 mM, Sigma) by adding a 50-fold molar excess (based on 59 lysine residues/HSA) of INA-NHS (30 mM) in 250 ll of 0.1 M Na 2 HPO 4 and 0.15 M NaCl buffer at 37 C for 2 h. 
LC-MS/MS analyses
Established mass spectrometric methods (Meng et al. 2015) were used to (1) characterize INH coupled HSA and (2) define the amino acid residues on albumin modified with INH in cell culture medium after 1-48 h. Relative quantification of modified peptides was performed by comparing the normalized intensity of MRM peaks for each of the modified residues against total ion counts across samples. Data were analyzed using Analyst software (AB Sciex).
Medium for T-cell culture and cloning
Culture medium consisted of RPMI-1640 supplemented with pooled heat-inactivated human AB serum (10%, vol/vol), HEPES (25 mM), L-glutamine (2 mM), transferrin (25 lg/ml), streptomycin (100 lg/ml), and penicillin (100 U/ml).
Detection of anti-tuberculosis drug-specific peripheral blood mononuclear cell responses
Proliferation of patient and healthy donor PBMC (1.5 Â 10 5 cell/ well) in culture medium against INH (0.01-4 mM), INA (0.01-1 mM), RIF (0.004-0.4 mM), ETB (0.01-4 mM), PZA (0.01-4 mM), INA-NHS (0.01-2 mM), INA-HSA (0.5-4 mg/ml), and tetanus toxoid (5 lg/ml, as a positive control) was measured using the lymphocyte transformation test (LTT) (Whitaker et al. 2011) . Interferon-gamma (IFN-c) secreting PBMC were visualized using ELIspot (MabTech, Nacka Strand, Sweden) by culturing cells (5 Â 10 5 cell/well; 200 ml) in culture medium for 48 h with INH (0.1-2 mM), INA (0.1-1 mM), RIF (0.01-0.1 mM), ETB (0.1-1 mM), PZA (0.1-2 mM), INA-NHS (0.1-1 mM), INA-HSA (0.5-4 mg/ml) or PHA (5 lg/ml). HSA was used as a negative control for INA-HSA. PBMC responses to antigens are normally expressed as a stimulation index (i.e., mean response in antigen-treated cultures/mean response in cultures containing medium alone). Thus, experiments using healthy donor cells were performed to establish 3 sigma values (i.e., mean 6 3 SD; where 99.7% of values are expected to fall within this range) for each drug treatment. This allowed us to set a reliable cut-off to discriminate between a positive and negative response in patients with liver and skin injury.
Generation of T-cell clones from patients with ATDs-induced liver injury
In initial experiments PBMC (1 Â 10 6 /well; 0.5 ml) from 2 patients [1 with ATD-related liver injury (patient TB034); 1 with ATDrelated skin reaction (patient TB008)] with positive LTT or ELIspot data against at least 2 drugs were cultured with nontoxic concentrations of the ATDs (INH, 1-4 mM; INA, 1 mM, RIF, 0.1 mM; ETB, 1-2 mM; PZA, 1-4 mM; INA-NHS, 1 mM) in culture medium. In a subsequent experiment, the cloning procedure was repeated using PBMC from patient TB037 who developed liver injury following INH monotherapy. The first 2 patients were selected as they presented with skin and liver reaction and generated the strongest responses in PBMC diagnostic assays. The third patient was investigated to determine whether drug-responsive T-cells are detectable in patients exposed to INH monotherapy. Cultures were supplemented with 200 IU/ml recombinant Il-2 (PeproTech, London, UK) on days 6 and 9. On day 14, the cells were cloned by serial dilution using a previously described method (Wu et al. 2007 ). Epstein-Barr virus (EBV) transformed B-cell lines were created from PBMC by transformation with supernatant from the virus-producing cell line B9.58. Clones do not have to be separated from allogeneic PBMC prior to analysis as after irradiation, the cells die during the 14 day culture period. Thus, when clones are collected for testing they are 100% CD3þ. Furthermore, routine screening for expression of TCR Vbeta's reveal that clones express a single Vbeta. Thus, T-cells from the allogeneic PBMC do not contribute to the response. ]thymidine. T-cell phenotyping was performed by flow cytometry on a BD FACS Canto II using CD4-APC and CD8-PE antibodies (BD Biosciences). Drug-specificity of the selected T-cell clones was also assessed by ELIspot for IFN-c, granzyme B, perforin, Fas Ligand, . Preliminary experiments reveal that the irradiated antigen-presenting cells do not produce cytokines when cultured with drug in the absence of the T-cell clones. Mechanisms of isoniazid-specific T-cell activation A step-wise approach was adopted to study pathways of drugspecific T-cell activation. (Table 1) . Patients 008, 022, 031, and 034 displayed PBMC responses (proliferation or IFN-c secretion) against at least 2 drug antigens. Patient 043 only displayed a weak response to ETB in the ELIspot assay. It is possible that the frequency of drug-responsive T-cells in this donor was lower. Alternatively, the urticarial skin reaction might be mediated via a different mechanism. PBMC responses (proliferation and cytokine release) to INH, PZA, ETB, and RIF were not detected with patients exposed to ATDs with no signs of an adverse reaction (SI less than 1.8).
Phenotype and specificity of T-cell clones
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Modification of HSA by Isoniazid and Analysis of the Response of Peripheral Blood Mononuclear Cells from Patients with Liver or Skin Injury
INA-NHS was synthesized by the reaction of isonicotinoyl chloride with N-hydroxysuccinimide as previously described (Metushi et al. 2012) and characterized by NMR analysis (Supplementary Fig. 1A ). LC-MS/MS analysis of INA-HSA revealed that the drug protein adduct was the same structure as detected in plasma of patients administered INH ( Supplementary Fig. 1B and C) (Meng et al. 2015) . INA-NHS and INA-HSA did not stimulate patient PBMC to proliferate or secrete IFN-c.
Generation of Drug-Specific T-Cell Clones
Almost 2500 T-cell clones were generated from patients 008 and 034, with ATB-related skin and liver injury, respectively, following PBMC stimulation with INH, RIF, ETB, PZA, INA, or INA-NHS. The experiment was then repeated with PBMC from liver injury patient TB037 to investigate whether similar drug-specific clones circulate in patients administered INH monotherapy. A total of 49 clones were found to display reactivity against INH (stimulation index 1.8 or more) on initial testing ( Fig. 1; Table 3 ) and in dose-response studies following mitogen-driven expansion ( Fig. 2A) . Clones displaying reactivity against RIF (n ¼ 3) and ETB (n ¼ 1) were detected on initial testing comparing proliferative responses in medium control and 1 drug concentration (Fig. 1) ; however, following expansion drug-specific responses were not detected in dose-response studies and cytokine release assays. Thus, it is highly likely that the initial data are false positives. PZA, INA and INA-NHS responsive clones were not detected. Flow cytometric analysis of 39 INH clones revealed that all but one expressed the CD4þ co-receptor. The final clone expressed high levels of CD4þ and CD8þ.
Collectively, these data confirm the presence of INHresponsive T-cells in each patient studied. Thirteen wellgrowing clones (3 from skin injury patient TB008 and 10 from liver injury patient TB034) were selected for subsequent experiments to characterize antigen-specificity, mechanisms of T-cell activation and the profile of cytokines secreted following drug stimulation.
Specificity of Isoniazid-Responsive CD41 T-Cell Clones
All INH-responsive clones were stimulated to proliferate with INH in a dose-dependent manner. Reactivity against the other ATDs was not detected (Fig. 2A) . Neither INA-NHS nor INA-HSA activated the clones (Fig. 2B ).
1-Aminobenzotriazole Does Not Block Isoniazid-Specific T-Cell Responses
CYP-inhibitor 1-ABT, did not attenuate INH-specific T cell activation (Fig. 2C) , which indicates that reactive intermediates generated in situ through INH metabolism do not activate the Tcells.
Isoniazid Activates T-Cell Clones Via 2 Pathways
Activation of T-cell clones with INH required the presence of antigen-presenting cells (Fig. 3A) . Furthermore, INH-specific proliferative responses were inhibited with an anti-HLA class II, but not a class I, blocking antibody, suggesting that a drug or drug-derived antigen interacts with MHC class II molecules to activate the CD4þ clones (Fig. 3B) .
We have recently shown that auto-oxidation of INH leads to the formation of isonicotinic-lysine adducts on proteins (27). Such adducts will be subjected to protein processing, which may generate antigenic peptides for INH-specific T-cells. To investigate mechanisms of INH-specific T-cell activation, antigenpresenting cells were pulsed with the drug for 1, 4, and 24 h, prior to washing and exposure to clones. One out of 13 clones was activated by antigen-presenting cells pulsed with INH and the strength of the response increased with increasing length of drug exposure (Fig. 3C) . The antigen-presenting cells pulsed with INH for 24 h stimulated a proliferative response similar to that seen with soluble drug (results not shown). To further investigate time-dependent T-cell activation, clones were cultured with antigen-presenting cells and soluble INH for 1-16 h, prior to washing and analysis of IFN-c release. Activation of the antigen-presenting cell pulse positive clone was delayed, with initial and maximal IFN-c release detected after 4 and 16 h (Fig.  4A) , respectively. INH HSA adducts were measured throughout the cell culture period to characterize the level of cell exposure to protein adducts. Adducts were only detectable after 24 h incubation of 1 mM INH with EBV cells. However, when higher concentrations of INH were used, adducts were detectable after 1 h incubation (Fig. 4B) . Adduct formation was time-dependent at 5 sites of modification (Lys20, 137, 195, 199, and 525) (Fig. 4B) .
Twelve INH responsive clones were not activated when antigen-presenting cells pulsed with INH for 1-24 h were used as a source of antigen (Fig. 3C) . Three of these clones were used in the INH antigen-presenting cell T-cell co-culture experiment. IFN-c release was detected from each clone at the earliest timepoint (1 h; Fig. 4A ).
Secretion of Cytokines and Cytolytic Molecules from Isoniazid-Specific T-Cell Clones
ELIspot was used to screen the profile of cytokines/cytolytic molecules secreted from T-cell clones following INH treatment. All clones secreted high levels of Th1 and Th2 cytokines as well as the regulatory cytokine Il-10 and cytolytic molecules perforin, granzyme B, and FasL (Fig. 5) . In contrast, Il-17 was not detected and Il-22 release was seen with only 1 clone.
DISCUSSION
Liver and skin injury are common and sometimes serious manifestations of ATD exposure (Galagan 2015; Kaona et al. 2004; Wares et al. 2003 ) that contributes to non-adherence and eventually treatment failure or relapse. Herein, we describe the characterization of INH-responsive CD4þ T-cells from patients with liver and skin injury. The cells were activated to proliferate and secrete cytotoxic mediators, and effector and regulatory cytokines, with isoniazid, but not other drugs the patients were exposed to at the time of the adverse event. Formation of reactive intermediates by drug metabolizing enzymes results in cell stress, mitochondrial damage and/or activation of death signaling pathways that could all contribute to the tissue damage seen in patients with ATD-related adverse events. An alternative hypothesis is that the adaptive immune system is inadvertently activated following ATD exposure in patients that go on to develop tissue injury. Early studies by Warrington et al. (1978 Warrington et al. ( , 1982 detected drug-specific proliferation of PBMC from certain INH treated patients with liver injury. Moreover, Metushi et al. (2014a) identified anti-drug and anti-CYP P450 antibodies. Notwithstanding these investigations, the functionality of drug-specific T-cells in patients administered INH monotherapy or combination therapies has not been defined. Thus, this study focused on patients administered combinations of ATD and INH alone to explore whether drug-specific T-cell responses were detectable and if so characterize cellular phenotype/function and mechanisms of antigen presentation.
Drug-specific T-cell responses were detected in all 5 patients with ATD-related liver injury when PBMC were exposed to INH. Responses were also detected with PZA and ETB in a smaller number of patients. In most cases, the proliferation response was weak (i.e., stimulation index less than 3). Furthermore, with the exception of patients 008 and 034, drugspecific lymphocyte activation was detected with only one assay (LTT or IFN-c ELIspot).Interestingly, the strongest responses were detected with PBMC from Caucasian patient TB034, the only patient expressing the known risk allele HLA DQB1*02:01 (Sharma et al. 2002) . T-cell responses were not detected in patients exposed to ATD without adverse effects. The early study by Warrington et al. (1982) assessing lymphocyte responses in individuals given isoniazid monotherapy reported on 3 datasets categorized according to disease severity; (1) patients with severe liver failure, (2) patients with persistent liver enzyme elevation and (3) patients with transient liver enzyme elevation. INH-specific lymphocyte proliferative responses (stimulation index 2.5-8.9) were detected in 6/8 patients in group 1. In contrast, lymphocyte activation was only seen with PBMC from 4 out of 18 patients in groups 2 and 3, and with 3 of the responders the stimulation index was less than 2.9. Patients with liver injury in our cohort reside in group 2 or 3 of the Warrington classification.
These data prompted us to conduct a detailed search for INH, RIF, ETB and/or PZA-specific T-cells in patients with ATDinduced liver and skin injury by T-cell cloning. Initially, T-cell lines were generated from 2 patients (TB034-liver injury, TB008-skin injury; both exposed to 4 ATDs) by culturing PBMC individually with the 4 drugs to enrich the number of drugspecific T-cells. Almost 2500 clones were generated by serial dilution and repetitive mitogen-driven activation. The protocol was subsequently repeated with blood mononuclear cells from patient TB037 who developed liver injury following INH monotherapy. Initial screening (drug at a single concentration versus control in duplicate) identified over 50 INH-responsive clones (from all patients), 3 RIF-responsive clones (from patient TB008) and 1 ETB-responsive clone (from patient TB034). However, following expansion and repeated testing with titrated drug concentrations and using cytokine release assays, T-cell activation was only detected with INH. Forty-nine CD4þ clones originating from all 3 patients displayed robust and reproducible INHspecific proliferative responses in a dose-dependent manner. The clones were not activated with other ATDs, which is what one would expect to find with such structurally different antigenic determinants. The inability to obtain clones responsive for RIF, ETB and PZA from patients with liver and skin reactions indicate that INH is the only drug that activates a T-cell response in this cohort of patients. If future studies reveal that Tcells are responsible for the tissue injury, INH seems to be the only implicated drug. However, at this point we cannot exclude the possibility that RIF, ETB, and PZA exert other direct effects on cell function and/or activate the innate immune system.
Activation of the clones with INH was dependent on antigen-presenting cells and proliferative responses were inhibited with an MHC class II blocking antibody. CD4þ T cells are known to mediate immunological diseases through the release of cytokines that promote antibody class switching in B-cells, enhance the cytolytic activity of CD8þ T cells and regulate the strength and duration of the immune response. Furthermore, CD4þ Tcells can cause tissue injury directly through the release of cytolytic mediators (Chen et al 1990; Jacobson et al. 1984; Tite and Janeway 1984) . To execute these important functions, they differentiate into unique subsets characterized by the profile of specific cytokines released following T-cell receptor triggering (Marshall and Swain 2011) . In recent years, new T-cell populations have been identified that secrete cytokines such as Il-17 and Il-22, which mediate inflammatory conditions through an interaction with receptors that reside in specific tissues. INHspecific clones secreted IFN-c, Il-5, and Il-13 alongside cytotoxic mediators perforin, granzyme B, and FasL, indicating that they might damage target cells directly. Il-17 was not detected, while Il-22 secretion was seen with only one clone. In contrast to antigen-specific T-cell clones isolated from patients with other forms of immunological drug reaction (Bell et al. 2013; El-Ghaiesh et al. 2012; Wu et al. 2007) , high levels of Il-10 was secreted from all clones following activation with INH. In a prospective analysis of 35 patients undergoing INH therapy, Metushi et al. (2014c) found an increased frequency of Il-17 and Il-10 secreting cells in patients with mild elevations in liver enzymes through the surveillance of PBMC by flow cytometry. Our data indicates that the increase in Il-10 secreting cells likely derives from the expansion of drug-specific T-cells and that these cells help to regulate the immune response and subsequently the extent of tissue damage, effectively preventing acute liver failure (and possibly severe skin reactions). In contrast, if Il-17 secreting cells participate in ATD-induced reactions, their expansion most likely results from non-antigen specific bystander activation as has been reported previously in patients with allergic contact dermatitis (Pennino et al. 2010) . Drugs activate T-cells through (1) direct reversible modification of MHC molecules and/or specific T-cell receptors (PI concept [e.g., sulfamethoxazole, carbamazepine, lamotrigine]; altered peptide repertoire concept [e.g., abacavir]); (2) direct irreversible modification of MHC or MHC binding peptides (e.g., nitroso sulfamethoxazole); and (3) irreversible modification of non-MHC proteins liberating neo-antigens through protein processing (e.g., b-lactam antibiotics). Interestingly, multiple pathways of drug-specific T-cell activation occur in the same patient. This phenomenon has clearly been demonstrated in patients with reactions to b-lactam antibiotics, sulfonamides, and abacavir (Uetrecht and Naisbitt, 2013) . INH is metabolized to structurally diverse intermediates (acetylhydrazine, INA, isonicotinic amide, acyl diazene, diazohydroxide (Li et al. 2011; Mahapatra et al. 2012; Metushi et al. 2012) , which have the potential to bind irreversibly to protein. Moreover, the detection of anti-INH antibodies in patients with liver injury by Metushi et al. (2014a) indicates that the adaptive immune system is activated with INH protein adducts. However, 1-aminobenzotriazole, which inhibits metabolic activity in immune cells (Sanderson et al. 2007) , did not block the activation of clones with INH. Moreover, T-cell proliferative responses were not detected with INA. Collectively, these data suggest that the clones are not activated with an INH intermediate generated in situ through metabolism in the T-cell assay. INH has also been shown to bind irreversibly to protein via an auto-oxidation pathway (Meng et al. 2015) . Thus, to explore mechanisms of INH-specific T-cell activation, kinetic assays were conducted where (1) antigen-presenting cells pulsed with INH for 1-16 h were used as a source of antigen and (2) antigenpresenting cells, T-cells and INH were cultured together for 1-16 h prior to analysis of IFN-c release. At each stage of the analysis INH albumin adducts were measured by mass spectrometry to confirm that adducts are formed in cell culture medium via auto-oxidation. Most of the INH-responsive clones were not stimulated to proliferate with INH pulsed antigen-presenting cells, which suggests T-cell activation occurs through a direct reversible interaction between drug and the immunological receptors. Moreover, with these clones, T-cell activation was rapid. IFN-c release was detected after 1 h, which is unlikely to occur when the formation of protein adducts and protein processing is required to generate antigenic determinants. In contrast, one clone was activated by antigen-presenting cells pulsed with INH for 4-16 h, the time required to generate high quantities of protein adducts. Furthermore, when antigen-presenting cells, T-cells and INH were cultured together, IFN-c release was delayed for a similar duration. This clone is probably activated via a hapten mechanism, the antigen being a peptide derived from a protein adduct generated through INH autooxidation. One should note that the clones described herein were isolated from PBMC cultured in the presence of the parent compound. Hence, it is not surprising that the majority were responsive to INH itself. Further studies are required to characterize the INH-derived adducts formed in antigen-presenting cells (or liver cells) that act as T-cell antigens before it is possible to comment on whether the parent drug, protein adducts or both drive T-cell responses in patients with liver and skin injury.
In conclusion, our data shows that INH-specific T-cells are clearly detectable in patients with ATD-mediated liver and skin injury. In contrast, responses were not detected in drug tolerant controls. T-cells were activated through a direct reversible interaction of INH with immune cells and via a hapten mechanism. In ongoing experiments, we are studying the nature of the Tcell response prospectively when patients develop acute reactions and in patients with severe liver failure.
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